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ABSTRACT
Classical Supergiant X-ray Binaries host a neutron star orbiting a supergiant OB star
and display persistent X-ray luminosities of 1035 to 1037 erg· s−1. The stellar wind from
the massive companion is believed to be the main source of matter accreted by the
compact object. With this first paper, we introduce a ballistic model to characterize
the structure of the wind at the orbital scale as it accelerates, from the stellar surface
to the vicinity of the accretor. Thanks to the parametrization we retained and the
numerical pipeline we designed, we can investigate the supersonic flow and the subse-
quent observables as a function of a reduced set of characteristic numbers and scales.
We show that the shape of the permanent flow is entirely determined by the mass
ratio, the filling factor, the Eddington factor and the α-force multiplier which drives
the stellar wind acceleration. Provided scales such as the orbital period are known,
we can trace back the observables to evaluate the mass accretion rates, the accre-
tion mechanism, the shearing of the inflow and the stellar parameters. We confront
our model to three persistent Supergiant X-ray Binaries (Vela X-1, IGR J18027-2016,
XTE J1855-026) and discuss the likelihood of wind-formed accretion discs around the
accretors in each case, further investigated in a following paper.
Key words: accretion, accretion discs – X-rays: binaries – binaries: close – stars:
neutron – X-rays: stars – stars: winds, outflows – stars: early-type – stars: massive
1 INTRODUCTION
For the last fifty years, X-ray observations have revealed
a plethora of binary systems hosting a compact object ac-
creting the gas from its stellar companion. While accretion
proceeds mostly by overflow of the stellar Roche lobe (the
Roche Lobe OverFlow - rlof) in systems where the mass of
the star is low (Low Mass X-ray Binaries, lmxb), we expect
the dense and fast winds of massive stars to be the main
responsible for mass transfer in High Mass X-ray Binaries
(hmxb). The structure of the wind in hmxb has been found
to be of two kinds (Chaty 2011) : either it forms a circum-
stellar decretion disc around fast rotators Be stars (Bexb) or
it obeys the more isotropic sketch of the radiatively-driven
wind for early-type supergiant stars (Shakura et al. 2015).
The latter sources of matter are believed to be associated to
the class of the persistent classical Supergiant X-ray binaries
(henceforth Sgxb) when surrounded by a neutron star on a
low eccentricity orbit thus making the compact object per-
? ileyk@apc.univ-paris7.fr
manently embedded in the wind. The number of confirmed
Sgxb has doubled within the last ten years (Walter et al.
2015).
The theory of radiatively-driven winds (or cak winds)
for isolated massive stars has been widely developed, refined
and confronted to observations since the seminal papers of
the 70’s (Lucy and Solomon 1970; Castor et al. 1975). It
describes how the resonant absorption of the high energy
photons of hot stars by non fully ionized metals supplies
the outer layers with net linear momentum. As they accel-
erate, they keep absorbing Doppler shifted photons previ-
ously untouched. In its most elementary form, steady-state
solutions can be derived from 3 parameters, the force mul-
tipliers, which set the mass loss rate for a given mass and
luminosity of the star. Radial velocity profiles have also been
determined and have turned out to be well fitted by the so
called β-laws. The terminal speeds involved are typically of
the order of several escape velocities, which match the ob-
servationally derived values using a wide spectrum of meth-
ods summarized in the very comprehensive reviews of Ku-
dritzki and Puls (2000) and Puls et al. (2008). This model
c© 2016 The Authors
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has reached levels of reliability high enough, in particular in
the case of supergiant stars (Crowther et al. 2006), so as to
be confidently applied to the case of Sgxb.
In this paper, we focus on the self-consistency of the
stellar, orbital, wind and accretion parameters in Sgxb host-
ing a confirmed neutron star. Due to the high mass ratio in
theses systems, we do not expect the star to fill its Roche
lobe nor the launching of the wind to be altered by the
presence of the neutron star ; yet, the non inertial forces at
stake in those relatively short periods systems (< 20 days)
will modify the structure of the departed though still ac-
celerating flow as it approaches the compact object, where
the gravitational field of the latter will take over. Hence, an
observable such as the spectral type of the supergiant plays
a role in the determination of the force multipliers which
determine the wind properties (e.g. the mass loss rate), but
also in shaping the Roche potential in which the modified
velocity profile unfolds. In Sgxb where the stellar companion
has been identified, we usually rely on the spectral type to
determine the stellar parameters, putting aside the specifici-
ties inherent to the binary secular evolution (van den Heuvel
2009). Still today, mass discrepancies subsist between the
spectroscopic and evolutionary masses (Searle et al. 2008;
Puls 2008). To those approaches we want to add measures
derived from their consequences over the whole mass trans-
fer phenomenon and considered in relation with each other
through the launching mechanism, the orbital dynamics,
the stellar model and the accretion process. Since Sgxb are
highly obscured systems (Coleiro and Chaty 2013), thorough
observations of the star are challenging and sometimes im-
possible. Using accretion onto the compact companion could
be used as a proxy to trace back information concerning the
whole system, including the donor.
Radiatively-driven winds are notoriously unstable to
small-scale radial perturbations (MacGregor et al. 1979;
Owocki and Rybicki 1984, 1985) and tend to form clumps
of overdense matter. Their accretion has been suggested as
a possible source of X-ray variability (Ducci et al. 2009)
but other phenomena are expected to play a role (Illari-
onov and Sunyaev 1975; Foulkes et al. 2006; Shakura et al.
2013), in particular in recently discovered Super Fast X-ray
Transients (sfxt, Negueruela et al. 2006) where the X-ray
dynamic range spans up to 5 orders of magnitude. Apart
from the off-states, the X-ray emission is more persistent in
classical Sgxb with averaged X-ray luminosities of the order
of 1035 to a few 1036 erg s−1. In this first paper, we try to
represent the averaged behaviour with a steady-state frame-
work and do not consider the possible switches which could
occur due to the inhibition of the wind acceleration once the
X-ray emission from the gas being accreted is large enough
to fully ionize the wind (Ho and Arons 1987; Blondin et al.
1990). We assume that permanent regime streamlines of the
supersonic flow can tell us something about the properties
of the system, regardless of ionizing effects or shocks at the
orbital scale.
This steady-state assumption serves another purpose in
the attempt to understand variability in Sgxb (e.g. the off-
states) and possibly in sfxt. The more regular and some-
what smoother accretion process at stake in lmxb, rlof,
does not prevent those systems from undergoing important
luminosity variations (see e.g. the Q-shaped diagram rep-
resented in Figure 2 of Belloni et al. 2005), It turns out
that phenomena occurring within the accretion disc itself
could account for them. In the case of Sgxb, highly ob-
scured systems, we have few if not no proof of the existence
of a disc-like structure around the accretor, except for a few
ones which harbor fastly rotating pulsars such as Cen X-3
and are believed to undergo rlof, in spite of the super-
giant nature of the donor star. Some systems present ob-
servational signatures associated with direct impact at the
poles where the matter could have been led by its interaction
with the magnetosphere (Davidson and Ostriker 1973). How-
ever, whether the gas is taped directly in a shocked wind or
in a wind-formed disc, possibly transient, remains unknown.
Thus, neglecting time-variability at the orbital scale is a way
to decouple it from its small scale counterpart, in the vicin-
ity of the neutron star where most of the X-ray emission
comes from. Local triggers of instabilities in the shocked
wind around the accretor do not necessarily require large
scale excitation - whose damping or amplification remains
largely unknown. Manousakis and Walter (2015) showed for
instance that continuous homogeneous winds could lead to
unstable front shocks due to X-ray ionizing feedback on the
flow. The very stability of essentially planar supersonic ac-
cretion flows has been a long-lasting question (Blondin and
Pope 2009; Blondin and Raymer 2012) we want to address
in the context of Sgxb, in a similar way it has been ad-
dressed in the case of symbiotic binaries (Theuns and Joris-
sen 1993; Theuns et al. 1996a; Jahanara et al. 2005; Mo-
hamed and Podsiadlowski 2007; de Val-Borro et al. 2009;
Huarte-Espinosa et al. 2012).
We set the modelling stage of our toy-model in section 2
and highlight its fundamental parameters. After a descrip-
tion of our numerical pipeline in section 3, we discuss the
structure of the flow at the orbital scale and its properties
(mass accretion rate onto the compact object and shearing
of the flow) in section 4. Eventually, in section 5, we eval-
uate the self-consistency of our cross-model by confronting
the parameters we derive to three extensively studied Sgxb:
Vela X-1, XTE J1855-026 and IGR J18027-2016 (a.k.a. SAX
1802.7-2017). Finally, we summarize our results and discuss
their main implications in section 6.
2 RADIATIVELY-DRIVEN WIND IN A SGXB
ROCHE POTENTIAL
2.1 Radiatively-driven winds of hot stars
2.1.1 The bedrock model
In addition to the radiative pressure due to Thomson scat-
tering of light on the free electrons in stellar atmospheres,
spectral lines of partly ionized metals can induce a resonant
absorption of the high energy photons provided by hot stars
(see e.g. Lamers and Cassinelli 1999). The underlying radia-
tions tend to produce a net acceleration of those ions in the
same direction, as they isotropically re-emit the absorbed
photons from below - at least in the single scattering limit.
Through Coulomb coupling of those metal ions with the am-
bient charged particles, momentum is redistributed and the
whole gas is lifted up from the outer layers of the star. As
the radial velocity rises, Doppler shifting of the absorption
lines enables the metal ions to keep tapping radiative energy.
Under additional assumptions concerning the spectral and
MNRAS 000, 1–19 (2016)
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spatial narrowness of the absorption process (the Sobolev
approximation) and if we reduce the emission region to a
point, one can write the corresponding acceleration term as
(Castor et al. 1975) :
gcak =
Q
1− α ·
κeL∗
4pir2c
·
(
1
ρcκeQ
dv
dr
)α
(1)
One recognizes a contribution analogous to the radiative ac-
celeration due to the continuum opacity by electron scatter-
ing (the second factor on the right hand side), with κe being
the free electrons opacity, L∗ the stellar luminosity, c the
speed of light and r the distance to the stellar center. The
α and Q factors are the two dimensionless force multipli-
ers, the fundamental parameters which structure the form
and the amplitude of the physical quantities of the flow.
The former stands for the relative contribution of thin and
thick absorption lines to the net acceleration while the lat-
ter has been introduced by Gayley (1995) in replacement of
the initial K-factor of Castor et al. (1975) which was more
correlated with α. Q is the quality factor corresponding to
the coupling of radiation with the resonant spectral lines,
is expected to lie between 500 and 2, 000 and relates to K
through K = Q1−α (vth/c)
α /(1 − α), with vth the thermal
speed at the stellar surface. The third force multiplier, δ,
will not be considered in this paper1 since its value is gen-
erally close to zero for the winds we consider (it is the case
of ”frozen-in” ionization state discussed by Kudritzki et al.
1989, in section 4.1). Notice that its inclusion would have
lowered the terminal speed of the wind (see section 5.2.2.
in Groenewegen et al. 1989). The values of α, Q and δ are
computed from the opacity profiles of atomic lines and given
for different stellar temperatures, surface gravity and metal-
licities. ρ refers to the mass density of the flow which goes as
r−2v−1 in this spherically symmetric framework. The veloc-
ity gradient in the last factor is originates from the aforemen-
tioned Doppler shifting. This expression is obtained under
the assumption that photons undergo single scattering, po-
tentially leading to slight underestimations of the mass out-
flow (see e.g. Mu¨ller and Vink 2008, for proper handling of
multiple scattering through Monte-Carlo methods). It also
assumes a firm Coulomb coupling of the line-driven ions with
the ambient gas, which is easily verified for the Sg stars we
will consider in this paper.
One can already notice that, in spite of the apparent
cumbersome aspect of this most simple form of the cak
wind, the only parameter which sets the shape of the flow is
α. Indeed, with tildes referring to adimensioned quantities,
equation (1) can be rewritten as :
g˜cak =
1
r˜2(1−α)
(
v˜
dv˜
dr˜
)α
(2)
Thus, the steady state pressureless equation of motion of
the flow is given by, once adimensioned with the relevant
quantities (see below) :
v
dv
dr
= − 1
r2
+
ℵ0
r2(1−α)
(
v
dv
dr
)α
(3)
where tildes have been omitted. The first term is the mod-
ified gravity (i.e. which includes the radiative pressure on
1 See Puls et al. 2008 for a discussion on the relevance of δ.
free electrons) and ℵ0 is a dimensionless quantity which en-
gulfs the other variables. From now on, we model the mo-
tion of the flow above the sonic point, where the behaviour
of the gas is well described by this ballistic equation, and
amalgamate it with the stellar surface. We thus do not con-
sider intrinsically time variable behaviours related to inter-
nal shocks or instabilities (e.g. clumps) within the wind at
the orbital scale such as sometimes described in the litera-
ture : see e.g. Walder et al. (2014) where the shocks appear
in the wake and consequently to the presence of the com-
pact object (ahead of it the flow remains supersonic). It can
be shown (Lamers and Cassinelli 1999) that the value of ℵ0
is not free, if we force the uniqueness of the solution. If we
introduce G the gravitational constant, M∗ the mass of the
star, Γ its Eddington factor2 and V and R, two fiducial scal-
ing quantities (resp. for velocities and lengths), ℵ0 is given
by :
ℵ0 = 1
α
(
α
1− α
)1−α [
GM∗(1− Γ)
RV 2
]1−α
(4)
In the case of an isolated star, one can always choose R
and V such as the term between brackets in equation (4)
is 1 and the equation of motion takes the form of equation
(3) which can be integrated to find the well-known analyt-
ical expression of the velocity profile. When the terminal
speed v∞, typically several times the effective escape veloc-
ity v2esc = [2GM∗(1 − Γ)]/R∗, turns out to be large with
respect to the initial speed at the stellar surface, typically
smaller than the sound speed, we have :
v(r) = v∞
√
1− R∗
r
with v∞ = vesc
√
α
1− α (5)
In anticipation of the numerical integration of the full prob-
lem, no longer analytically solvable, we tested the integrator,
described in 3.2, on equation (3). The results are presented
in Figure 1 and compared to the analytical solution (5). No-
tice that this velocity profile is a specific case of the more
phenomenological β-laws profiles fitted to the data with v∞
and a free exponent, β, not necessarily 1/2 like above. The
numerically derived velocity profiles and terminal veloci-
ties match the analytical ones within 10%, a precision good
enough to investigate forward the modified cak model de-
scribed below.
2.1.2 Relaxing the finite cone angle assumption
Since the compact object lies generally within a couple of
stellar radii in a Sgxb and the accretion will critically de-
pend on the velocity of the wind as it passes close to it, the
initial phase of acceleration of the wind must be accurately
modelled. An improvement on the theory described above in
the vicinity of the launching surface is to consider the star no
longer as a point source but as an extended emission region
and integrate over all the incoming directions of the photons
(Pauldrach et al. 1986; Friend and Abbott 1986; Kudritzki
et al. 1989). Accounting for the finite size of the disc trans-
lates into an additional dimensionless factor in equation (1)
2 i.e. the ratio of the stellar to the Eddington luminosity.
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Figure 1. Summarize of the preliminary check of the integrator in the case of the wind of an isolated star. (left panel) Velocity profile (in
the arbitrary units system of section 2.2) in the bedrock cak model (red) and in the case where the finite disc effect has been included
(blue). The red and blue dashed lines are the corresponding approximated profiles given respectively by equations (5) and (7). (right
panel) Terminal speeds (measured in our simulations beyond r = 30) as a function of the effective escape velocity. Red, green and blue
correspond respectively to α = 0.45, 0.55 and 0.65. Γ, q and f have been tuned so as to explore a wide range of escape velocities, still
given in the units system described in the text. The relative differences between the computed and the expected values are represented
below the main plot.
given by :
D(r, dv/dr;α,R∗) =
(1 + σ)1+α − (1 + σµ2c)1+α
(1 + α)(1− µ2c)σ(1 + σ)α (6)
with σ = (d log v/d log r) − 1 and µ2c = 1 − (R∗/r)2. For
r >> R∗, one retrieves D ∼ 1 but for r ∼ R∗, D reaches its
lowest value above the sonic surface, D0 = 1/(1 + α) < 1,
which rises the critical value of ℵ0 required to make the
launching possible (since otherwise, the cak acceleration
would no longer be large enough to overcome gravity). It
has two effects on the issued velocity profile. First, the ex-
ponent in the expression of the velocity profile rises, in the
configurations we considered up to approximately 0.7, mak-
ing the profile smoother. It is consistent with observations
(Villata 1992) and sophisticated semi-analytical computa-
tion of modified cak-wind profiles (Pauldrach et al. 1986;
Villata 1992; Mu¨ller and Vink 2008; Araya et al. 2014),
though on the lower end of the range. Second, the termi-
nal speeds obtained are larger. Following the suggestions of
recent state-of-the-art hydrodynamical simulations (Mu¨ller
and Vink 2008; Noebauer and Sim 2015) and of analytical
studies (see Kudritzki et al. 1989, Table 1) about the termi-
nal speeds, we compared our results to the following velocity
profile :
v(r) = v∞
(
1− R∗
r
)0.7
with v∞ ∼ 2.5vesc α
1− α (7)
where the factor 2.5 holds for effective stellar temperatures
beyond 21,000K (Vink et al. 1999). Notice that this law leads
to generally higher terminal speeds than the one suggested
by Friend and Abbott (1986) but to similar values than the
observed ones for class I luminosity stars (see table 3 of
Groenewegen et al. 1989), if one considers α ∼ 0.55. Once
again, we used our numerical integrator to compute the ve-
locity profile and compared it to the profile above in Figure 1.
The numerically derived velocity profiles and terminal veloc-
ities match the empirical values within a few percents.
2.2 Scale invariant expression of the wind motion
in a Roche potential
Sgxb feature low-eccentricity orbits compared to the other
classes of hmxb : we assume the system to be fully circu-
larized, and the stellar spin to be synchronized (Claret and
Gimenez 1997; Van Eylen et al. 2016). We now set ourselves
in the frame co-rotating at the orbital period3, with the cen-
ter of mass (cm) at the origin and use subscript 1 (resp. 2)
to refer to the star (resp. to the compact object), as de-
scribed in Figure 2. The modified gravitational force of the
star, the gravitational force of the compact object and the
centrifugal force acting on a test-mass can then be written
as a potential, the Roche potential, using Kepler’s third law
:
Φr(r) = Φ0 · Φ˜(r˜; q,Γ) (8)
with Φ0 = GM2/a the scale of potential, q = M1/M2 the
mass ratio, a the orbital separation, r the position vector
of the test-mass and Φ˜ thus defined by, if we use a as the
length scale :
Φ˜(r˜; q,Γ) = − q(1− Γ)∣∣∣˜r− R˜1∣∣∣ − 1∣∣∣˜r− R˜2∣∣∣ + 12(1 + q)r˜2⊥ (9)
with r˜⊥ = r˜ − (r˜ · zˆ)zˆ where zˆ is the unit vector normal
to the orbital plane and oriented in the direction of the or-
bital rotation vector Ω (see Figure 2). R˜1, R˜2 and r˜ are the
3 And so do all the velocities we refer to in this article.
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dimensionless position vectors of the star, of the compact
object and of the test-mass respectively, the two first ones
depending only on the mass ratio. One must also consider
the Coriolis force per mass unit (which cannot be written as
a potential). At this point, the mass ratio q and the stellar
Eddington parameter Γ are the only shape parameters of
the problem. The radius of the star does not play any role
in the dynamics since in Roche’s formalism, both objects
are point-like. Numerically, it means that q and Γ are the
only meaningful parameters for the study of the motion of
a test-mass in a Roche potential accounting for continuous
radiative pressure, since the scaling back to physical units
can be realized afterwhile.
We can now gather those terms with the absorption
lines acceleration described in the previous section, but so
as to reduce the number of shape parameters to its very
minimum and to explore the parameter space efficiently, we
change the normalization variables to :
(i) the stellar Roche lobe radius RR,1 as the length scale
(ii) the mass of the compact object, M2, as the mass scale
(iii) GM2/R
2
R,1 as the acceleration scale
Unless explicitly stated further in this article, this system
of units is the reference we are relying on. The other scales
are deduced by the simplest combinations of scales above,
without any additional dimensionless factor. To consistently
incorporate the cak-wind to the Roche potential framework,
we assume that the radiatively-driven acceleration term is
not altered by the presence of the compact object, which is
acceptable for large mass ratio systems such as Sgxb. For
instance, we still assume the mass density to decrease in a
spherically symmetric way around the star. Finally, let us
write the approximate ratio of the radius of the Roche lobe
of the star to the orbital separation, E(q), as suggested by
Eggleton (1983) :
E(q) = 0.49q
2/3
0.6q2/3 + ln (1 + q1/3)
(10)
which leads us to adimensioned expressions of the positions
of the test-mass relatively to the star and the compact object
:
{
r˜1 = r˜− R˜1 = r˜ + 1/E(q)q+1 xˆ
r˜2 = r˜− R˜2 = r˜− q/E(q)q+1 xˆ
(11)
where xˆ is the unit vector of the axis joining the two bod-
ies, oriented from the star to the compact object. Omitting
the tildes and using the radial velocity of the test-mass rela-
tively to the star, v1 = v · (r1/r1), we then get the following
adimensioned ballistic equation of motion of a radiatively-
driven wind in a Sgxb Roche potential :
dv
dt
=−
[
q(1− Γ)
r31
− ℵ ·D
(
r1,
dv1
dr1
;α, f
)
vα1
r3−2α1
(
dv1
dr1
)α]
r1
− 1
r32
r2 + (1 + q)E2r⊥ − 2E3/2
√
1 + q · zˆ ∧ v˜ (12)
with f = R1/RR,1 the filling factor
4 and ℵ = ℵ0/D0 > ℵ0
4 where R1 is the stellar radius, not to be confused with the norm
of R1.
a
R1 R2
R
out
r
CM
r1 r2
yˆ
xˆ
zˆ
Ω
test-mass
Figure 2. Orbital slice of the Sgxb configuration we consider
with, in blue, the supergiant stellar companion and on the right,
the compact object. The eight-shaped black dotted line is the
Roche surface passing through the first Lagrangian point and
the orange lines are the computed streamlines which enters the
vicinity of the compact object. The latter, in dashed green, is
defined by its radius Rout as specified in section 3.1. a is the
orbital separation.
the modified critical ℵ to account for the finite cone angle
factor at the surface. With the normalization we chose, the
expression of ℵ becomes :
ℵ = 1 + α
α
[
α
1− αq(1− Γ)
]1−α
(13)
and can be determined a priori from the values of α, q and
Γ. The two additional shape parameters which appear in
the equation (12) compared to equation (9) are the α force
multiplier and the filling factor (which plays a role through
the finite disc factor but more importantly, in the way it
sets the initial conditions to be verified by this equation).
Those four degrees of freedom are the cornerstone of the
Sgxb toy-model we investigate at large scale in this article.
3 NUMERICAL PROCESS
3.1 The modified accretion radius
As visible in Figure 1, the neutron star typically lies within
the acceleration zone of the wind. This specific feature of
Sgxb compared to symbiotic binaries makes the accretion
properties of the system possibly very sensitive to the ratio
of the orbital separation to the characteristic acceleration
length scale of the wind. One way to evaluate the amplitude
of this accretion, is to compute the accretion radius from the
classical Bondi-Hoyle-Lyttleton (henceforth bhl) framework
(Hoyle and Lyttleton 1939; Bondi and Hoyle 1944; Edgar
2004, for a review) : for a planar flow with a relative super-
sonic velocity at infinity v• with respect to a body of mass
M2, the accretion radius is given by Racc = (2GM2)/v
2
•. It
is the critical impact parameter below which matter is likely
to be accreted. Concerning v•, we get it by computing the
velocity reached by a test-mass once it reaches the position
of the compact object, but without the gravitational term of
the neutron star in equation (12). Given the typical values
of v• (∼ 1000 km· s−1), the flow is expected to be supersonic
from the sonic surface - assimilated to the stellar one in our
model, as suggested by equation (8) in Ducci et al. (2009)
MNRAS 000, 1–19 (2016)
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- to the vicinity of the compact object. Numerical simula-
tions of bhl accretion show that the flow remains supersonic
around the accretor beyond a few Racc (El Mellah and Casse
2015). We then define an extended accretion sphere of ra-
dius Rout = 8Racc around the accretor where we stop our
ballistic simulations. Within this sphere, a proper hydrody-
namical treatment is compulsory, in particular in the wake
of the accretor, and will be carried on in an upcoming paper.
From now on, we refer to Rout and the sphere it defines as
”extended” accretion radius and sphere.
3.2 Numerical implementation
To solve the equation of motion (12), we applied a fourth
order Runge-Kutta scheme on test-masses starting at the
surface of the star5 with a zero velocity. Notice that we do
not consider the departure from the spherical shape of the
stellar surface nor the induced inhomogeneities of tempera-
ture. To initiate the wind and compute the radial velocity
gradient in equations (1) and (6), we force the first step
with radial and velocity steps small compared to the stellar
radius and to the velocities computed afterwards. We val-
idated the invariance of our code to changes in those two
fiducial steps. The time steps are chosen to be smaller by
a factor of 100 than any time-homogeneous combination of
the displacement, the velocity and the acceleration so as to
not alter the outcome of the numerical integration. The time
steps are shortened again as the test-mass approaches the ex-
tended accretion sphere. Once the integration brought the
test-mass trajectory to intercept (resp. miss) the extended
accretion sphere around the compact object, its position and
velocity on the sphere is saved (resp. discarded). To better
resolve the borders and improve the statistical significance
of our computation of the characteristic quantities of the in-
flow within the extended accretion sphere, we then refine the
initial positions at the surface of the star which were selected
and repeat the integration until we are left with a few 10,000
selected arrival points to process. Some of the streamlines
susceptible to be accreted have been represented in orange
in Figure 2 in a fiducial case - a similar sketch for each con-
figuration (q, f,Γ, α) is automatically produced. The whole
computation time per simulation on 1 cpu, including the
post-processing described in the next paragraph, is of the
order of a few hours such as the adimensioned parameter
space considered in section 3.3 can be explored within a
week with 36 cpus. The empirical validation of the integra-
tor has been carried on in the previous section on the wind
of isolated hot stars.
Concerning the primitive quantities at the extended ac-
cretion sphere, we save the velocity and positions of the test-
masses when they reach it. Since our model is purely ballis-
tic, we cannot access the density directly but we can get the
divergence of the streamlines by monitoring the evolution of
the surface elements delimited by the four closest streamlines
at the departure and at the arrival. Once a physical scale has
been chosen, we can then deduce from this value the density
corresponding to each streamline on the extended accretion
sphere. An angular resampling of those primitive quantities
5 By symmetry, only the upper half of the system has been con-
sidered.
(mass density and velocity) on pre-defined meshes provides
us with physically-motivated outer boundary conditions for
upcoming hydrodynamical simulations on the fate of this
inflow within the extended accretion sphere.
3.3 Parameters and visualization
We sample the four shape parameters accordingly to the
values expected in a neutron star hosting Sgxb:
(i) α is either 0.45, 0.50, 0.55 or 0.65. If the latter value
is more suited for early supergiant O type stars, the three
first ones correspond to the values calculated by Shimada
et al. (1994) from 520,000 atomic lines for early B / late
O supergiant stars. The value of α depends mostly on the
effective stellar temperature T and the decimal logarithm of
the surface gravity, log(g).
(ii) Γ, the Eddington parameter. For OB-supergiants, we
expect it to be below 30%, by opposition to Wolf-Rayet stars,
Luminous Blue Variables or hypergiant stars (like the donor
in GX 301-2) which can go beyond. We take 10, 20 and 30%
as the three possible values.
(iii) q, the mass ratio. We ran simulations for 12 integer
values of q ranging between 7 and 18.
(iv) f , the filling factor. We picked up 10 values non reg-
ularly spaced between 50% and 99%.
To access physical outputs (such as the stellar radius or the
mass accretion rate onto the compact object), we also need
user-specified scale parameters : the orbital period, the mass
of the compact object and the Q force multiplier (to com-
pute the physical mass loss rate of the star). According to
Shimada et al. (1994), Q lies in a narrow range around 900
for early-type B supergiant stars with effective temperatures
above the bi-stability threshold (∼20 kK, Vink et al. 1999)
and below 30 kK.
Using the Spyre library for Python developed by A. Ha-
jari (2015), we designed a handy web application framework
to quickly visualize all the configurations in the scope of this
article. It displays colormaps in the (f, q) plane for many dif-
ferent outputs, computed based on the simulations results
(i.e. the shape parameters) and, for the dimensioned out-
puts, on the user-specified scales. Those outputs have been
chosen due to their relevance to appreciate the properties of
the model we developed and the interplay between the dif-
ferent variables. This interface, available on demand, aims at
conducting the user towards a better understanding of the
trends we observe in Sgxb by quickly travelling through a re-
duced though essential parameters space. It also entitles the
user to evaluate the dependencies of each output with the
7 shape and scale parameters and, where suggested by the
figures, to neglect some of those dependencies or emphasize
the degeneracies between parameters.
4 STRUCTURE AND PROPERTIES OF THE
FLOW AT THE ORBITAL SCALE
4.1 Structure of the accretion flow
We now try to quantify what we mean by ”wind” accretion.
The usual smoking gun to qualify an accretion mechanism of
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wind accretion in a binary system is to observe an underflow-
ing star with an accreting companion. However, it does not
tell us much about the actual structure of the flow. Indeed,
a wind which would not be fast enough compared to the or-
bital velocity once it reaches the critical Roche surface would
result in a highly collimated flow, mimicking the stream one
usually associates to rlof (Nagae et al. 2005; Mohamed
2010). rlof tells us something about the filling factor while
wind accretion refers to the structure of the flow, not nec-
essarily incompatible with rlof. Thus, we choose to term
”wind” or ”stream” an accretion flow depending on the rela-
tive size of the extended accretion sphere, where the shock
is expected to develop, with respect to the size of the Roche
lobe of the compact object Rr,2. When the wind is slow, the
former becomes of the order or even larger than the latter
and the whole orbital scale requires a proper hydrodynami-
cal treatment.
To evaluate how slow the wind must be to be in such a
configuration, we plotted in Figure 3 the evolution of the ra-
tio of the aforementioned length scales compared to the ratio
of v• to the orbital speed. Those adimensioned outputs do
not require the specification of any scale and depend only
on the shape parameters. Besides, none of these quantities
was forced ; instead, they were computed from parameters
linked to the launching of the wind and the structure of
the potential. A first conclusion is that, even in configura-
tions where the filling factor is close to one, a high velocity
flow (a wind) is expected for efficient wind acceleration (i.e.
α > 0.55), for any Eddington factor below 30%. It is a typ-
ical situation where rlof cohabits with wind accretion. On
the other hand, even for a filling factor as low as 90%, one
can get a stream dominated flow for α = 0.45, intermediate
mass ratios and Eddington factors of 30%. We observe that
lower values of Γ, i.e. of the adimensioned luminosity, favor
a wind dominated flow, which can sound paradoxical but is
actually consistent with the velocity of the wind scaling as
the modified escape speed in equation (7).
An important conclusion to draw from this Figure 3 is
also that, as far as the structure of the accretion flow is
concerned, the ratio v•/aΩ is an excellent tracer to evaluate
how windy the flow looks, much more reliable than the filling
factor which only plays a secondary role here. In the case of
radiatively-driven winds, we also advocate in favour of this
ratio rather than the ratio of the mean normal velocity of
the wind on the critical Roche surface to the orbital speed,
VR/aΩ, as suggested in Nagae et al. (2005) and Jahanara
et al. (2005). Indeed, first, since the accretor lies within the
wind acceleration radius, it is more relevant to consider the
velocity of the wind at the orbital separation than at the
critical Roche surface which must not be considered as seri-
ously in Sgxb as in systems hosting low Γ stars (symbiotic
binaries, lmxb...) : in Figure 2, the critical Roche surface is
represented for Γ = 0 but in Sgxb, the lowering of the effec-
tive stellar gravity by the radiative pressure from the con-
tinuum opacity is no longer negligible (Dermine et al. 2009).
Second, it is not equivalent to model the wind as described
in section 2.1 and to consider that the radiative pressure ex-
actly balances the stellar gravitational force at any radius
(ie Γ = 1 and gcak = 0), as used in Theuns et al. (1996b)
and Jahanara et al. (2005). It is legitimate in symbiotic bi-
naries where the mechanism responsible for the driving of
the wind is still poorly known but not in Sgxb. As a con-
Figure 3. Ratio of the extended accretion radius to the size of
the compact object Roche lobe as a function of the ratio of the
velocity at the orbital separation to the orbital speed. For each
of the six curves, from upper left to lower right, we used values
of (f, q) along the line going from (0.99, 8) to (0.5, 17) in Figure 4
so as to probe the largest range of Rout/RR,2.
sequence, the conservative threshold on v•/aΩ we found, of
the order of 2 to 3, should prove to be more reliable in Sgxb
than VR/aΩ ∼ 0.5 derived in Nagae et al. (2005).
4.2 Fraction of wind captured
4.2.1 Direct numerical measures
First, we save β+, the fraction of stellar wind entering the
extended accretion sphere. The ”+” superscript refers to the
fact that not all the matter entering the extended accre-
tion sphere is expected to be accreted - but all the finally
accreted streamlines belong to this sample ; the fraction of
stellar wind entering the extended accretion sphere is an up-
per limit on the fraction of stellar wind being accreted, β.
A first underestimation of β+ is obtained by comparing the
number n of streamlines which were selected (in the sense
defined in section 3.2) to the total number N of stream-
lines within the launching patchwork considered6 and then
by extending it to account for the whole sphere :
β+ =
n
N
×
pi
2
× sin [arctan ( 2Rout
a
)]
2pi
(14)
where the numerator of the second factor of the r.h.s. is the
solid angle covered by the launching patchwork. β+ is an un-
derestimation because it does not account for the fact that
the classical meshing of the sphere we rely on is not homoge-
neous. It is less dense at the equator, from where come most
of the streamlines selected, than at the poles. Another way
to evaluate β+ is to compute the surface delimited on the
stellar sphere (in blue in Figure 2) by the streamlines which
enter the extended accretion sphere. To do so, we compute
6 A subsample of the total stellar surface which contains all the
streamlines which will be selected.
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the mean arc 〈l〉 between selected streamlines and compute
:
β+ =
n× 〈l〉2
2pi
(15)
In practice, equation (14) is only a slight underestimation of
the order of a few percents compared to the second estima-
tion of β+.
Concerning the actual fraction of the wind which will
take part in the feeding of the compact object and in the sub-
sequent emission of X-rays, we can not make any definitive
measure without three dimensional hydrodynamical simula-
tions of the evolution of the flow within the extended ac-
cretion sphere. However, an indirect measure of β can be
obtained using the results of El Mellah and Casse (2015).
Indeed, if we write M˙+ec15 the mass inflow which was arbi-
trarily set as an outer boundary condition in El Mellah and
Casse (2015) and M˙acc the mass accretion rate which was
then measured for Mach numbers at infinity larger than 4,
the fraction of the wind entering the sphere of radius 8Racc
which was actually accreted is given by :
M˙acc
M˙+ec15
=
0.77M˙hl
ρ∞v∞pi (8Racc)
2 =
0.77
82
∼ 1% ∼ β
β+
(16)
where ρ∞ and v∞ are the mass density and the velocity at
infinity7 and M˙hl is the mass accretion rate according to the
bhl approach (see section 4.2.2 below). Remarkably enough,
this ratio (whose independence with the numerical setup and
the size of the compact accretor has been shown in El Mellah
and Casse 2015), no longer depend on any parameter and
remains fairly constant when the Mach number is above 4,
which is easily verified by the highly supersonic winds in
Sgxb.
4.2.2 bhl estimation of the accreted wind fraction
To have a theoretical expectation to compare to, we can use
the computed adimensioned velocity of the wind at the dis-
tance of the orbital separation, v•, to make predictions on
the fraction of the wind being accreted by the compact ob-
ject according to a bhl approach (Boffin and Jorissen 1988).
Corrected with an additional factor 0.77, it has been shown
to be accurate within a few percents for Mach numbers at
infinity larger than a few (Foglizzo and Ruffert 1996; El Mel-
lah and Casse 2015). If we assume the wind to be isotropic,
we have, using the conservation of mass :
R21ρ1v1 ∼ a2ρ•v• (17)
with the • subscript referring to the values at a distance
from the stellar center equal to the orbital separation a and
the subscript 1, to the values at the stellar surface. Then,
the fraction of the wind accreted is given by :
βhl=ˆ
M˙hl
M˙1
=
0.77 · piR2accρ•v•
4piR21ρ1v1
∼ 0.77
4
(
Racc
a
)2
∼ 0.77×E
2(q)
v4•
(18)
7 Approximation acceptable since the flow is almost not dis-
turbed from planarity when it enters the simulation space at
8Racc - see outer boundary conditions (9) to (11) in El Mellah
and Casse (2015).
where M˙1 and M˙hl are respectively the stellar mass outflow
and the bhl mass accretion rate. A decisive point we empha-
sized in equation (18) above is the independence of βhl on
the scaling : whatever the period, the orbital separation or
the mass of the compact object, the fraction of the wind ac-
creted according to Bondi, Hoyle & Lyttleton’s sketch is the
same if the four shape parameters remain unchanged. This
comment will be of prime importance in the interpretation
of the results presented in section 4.3.
4.2.3 Assessment of the theoretical tracers
The relevance of the wind-rlof model for symbiotic bina-
ries is a suggestive hint that wind accretion can prove more
efficient than what the bhl prescription would suggest. We
represent in Figure 4 the measured fraction of wind accreted
β in the upper panel and the departure from the fraction
derived from a bhl approach, βhl. The bottom part of Fig-
ure 4 indicates that the enhancement of the fraction of wind
being accreted with respect to the bhl prescription is low in
Sgxb, weaker than in symbiotic binaries (Mohamed 2010).
Provided the wind speed at the orbital separation v• (and
not the terminal speed v∞ > v•) is used to compute βhl,
we retrieve the measured value of β within 6% for the mass
ratios and the filling factors we consider. Using the terminal
speed suggested in formula (7) instead would have led to the
following analytic expression of the fraction of wind being
accreted :
β∞ = 0.64%×
(E
q
)2
︸ ︷︷ ︸
0.1%→0.6%
[
f
1− Γ ·
(
1− α
α
)2]2
︸ ︷︷ ︸
<4.5
(19)
where the estimations below the underbraces are for the
range of shape parameters we consider. It clearly leads to
underestimated values of the fraction of wind accreted by at
least a factor of three. The terminal wind speed must thus
not be used to estimate the fraction of wind captured by the
compact object.
For β, it is no surprise that, at a given mass ratio, as
the star fills a lower fraction of its Roche lobe, the relative
distance between the stellar surface and the compact object
rises. Since the terminal velocity does not depend on the
stellar radius and since the stellar gravity is largely overrun
by the absorption lines acceleration close to the surface, we
can expect the velocity at the compact object position with
respect to the unchanged orbital velocity to be larger and
thus, a lower extended accretion radius Rout compared to
the unchanged orbital separation. In other words, the angu-
lar size of the extended accretion sphere as seen from the star
drops and so does the fraction of the wind being accreted.
However, if one considers, at a given filling factor, an in-
crease in the mass ratio, let us say at a given mass of the
compact object, things get trickier. Indeed, on one hand the
terminal speed is proportional to the escape velocity which
rises and on the other hand, relative distance between the
stellar surface and the compact object drops, giving the wind
less room to accelerate. Thus, it is not possible to conclude
a priori about the evolution of β with q and numerical com-
putation was indeed required to obtain this tendency : for
any filling factor, rising the mass ratio from 7 to 18 leads to
a drop in the fraction of wind accreted by a factor 3. This
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didactic yet insightful reasoning illustrates how misleading
qualitative approaches can be in systems where variables are
as entangled with each other as Sgxb.
Concerning the dependency of the fraction of wind be-
ing accreted by the compact object with respect to α, it will
be discussed in more details in the discussion devoted to the
predicted X-ray luminosities (section 4.3) but a first observa-
tion we make is that it follows the dependency of Rout/RR,2
in Figure 3 : as α rises, the wind acceleration gets more ef-
ficient and the terminal speed is higher, making the speed
at the orbital separation larger and the computed accretion
radius smaller. Thus, both β and βhl drop by approxima-
tively an order of magnitude as α rises from 0.45 to 0.65.
Since a rise in α, all other things being equal, also means
a lower stellar mass outflow according to equation (20), we
expect much lower X-ray luminosities for α = 0.65 than for
α = 0.45, statement to be confirmed by Figure 5 afterwards.
Although the fraction of wind being accreted depends on α,
it is worth noticing that it does not depend on the Q force
multiplier : whatever its value, the velocity profile remains
unchanged. Eventually, for the influence of Γ, a rise from
10% to 30% only results in a rise of a factor less than 2 for
β+ and βhl, but it will play a more important role once its
influence on the mass outflow is taken into account.
4.3 Physical mass accretion rate and X-ray
luminosity
We now go on by analyzing a scale-dependent decisive out-
put, the physical mass accretion rate M˙acc and the associ-
ated X-ray luminosity LX . Interestingly enough, the upper
panel in Figure 4 shows that, for a fixed mass of the com-
pact object, the fraction of wind accreted decreases when
the mass of the supergiant star rises. However, notice that
this statement, along with all the ones made in the previous
section, concerns only the fraction of wind which is accreted,
not the actual physical mass accretion rate ; since a larger
stellar mass also means a larger absolute mass loss rate, the
evolution of the X-ray luminosity with q could still be dif-
ferent. To compute the physical mass accretion rate, we first
need an estimation of the stellar mass loss rate M˙1. Once
we account for the finite cone angle effect (first factor be-
low), M˙1 writes, with the Q parametrization inherited from
(Gayley 1995) :
M˙1 =
(
1
1 + α
) 1
α
× α
1− αΓ
(
ΓQ
1− Γ
) 1−α
α LEdd
c2
(20)
where LEdd is the Eddington luminosity of the star (which
depends only on its mass). On the other hand, we use equa-
tion (16) to deduce from the measured fraction of wind en-
tering the extended accretion sphere, the total fraction of
the wind which is actually likely to be accreted by the com-
pact object. The product of β by M˙1 yields the physical
mass accretion rate and the corresponding X-ray luminosity
is then obtained for an accretor of compactness parameter
representative of a neutron star (∼25%).
In Figure 5 has been represented the evolution of the
steady-state X-ray luminosity as a function of the 4 shape
parameters. Given the restricted range of expected values
for Q and M2 and the weak dependency of LX (i.e. of M˙1)
on them, we chose to highlight the dependence of the X-ray
luminosity on the dimensionless parameters.
Figure 4. (upper panel) Measured fraction of wind accreted for
α = 0.45 and Γ = 0.2 as a function of the filling factor and
the mass ratio. (bottom panel) Relative discrepancy between the
measured fraction of wind accreted and the one predicted by the
bhl prescription (18) used with the computed velocity at the
orbital separation v•.
The stronger dependence of LX is on the α force multi-
plier, with a luminosity divided by 20 each time alpha rises
from 0.45 to 0.55 and then 0.65. Each decrescendo increment
on Γ entails a division of the X-ray luminosity by a factor of
approximately 6 ; a lower effective gravity makes the wind
terminal speed - which scales as the effective escape speed
at the stellar surface - decrease, which leads to enhanced ac-
cretion of matter. We also notice that larger values of the α
force multiplier lower the relative dynamical range of X-ray
luminosities : fast winds let fewer room to the influence of
the other parameters. The luminosity rises by about an order
of magnitude from a filling factor of 50% to a configuration
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Figure 5. Representation of the permanent X-ray luminosity deduced from the bhl’s approach (with a 25% conversion factor) as a
function of the filling factor f , for different α-force multipliers and Eddington factors Γ. The weaker dependence on the mass ratio,
which ranges from 7 to 18, is represented by the thickness of each line (the lower limit being for larger mass ratios) : since M2 is set
to 1.8M here, M1 spans a realistic interval of 13 to 32M. We numerically computed the accretion radius as described in section 3.1
and sampled the filling factors denoted at the bottom. Those results are computed for an intermediate value of the Q-force multiplier of
900. LX ∝ Q(1−α)/α according to equation (20) and Q is expected to range between 800 and 2,000. Changing the orbital period while
keeping those quantities invariant does not change those luminosity profiles.
where the star is close to fill its Roche lobe (f > 95%). The
weakest dependence is on the mass ratio. It turns out that,
at a fixed mass of the accretor, larger stellar masses lead to
lower X-ray luminosities : in the balance aforementioned, the
fact that a larger stellar mass implies a larger wind speed and
thus a smaller accretion cross-section prevails over the larger
mass loss rate. However, the balance between those two ef-
fects weakens significantly the dependence of the X-ray lu-
minosity on the mass ratio, weaker than the one on the filling
factor f , the Eddington parameter Γ and the α force multi-
plier. Given the low luminosity levels observed for α = 0.65
and even for α = 0.55, we can affirm that most of the Sgxb
we observe verify α ∈ [0.45; 0.55]. If it matches theoretical
predictions from stellar atmosphere models for early-type B
stars8 (Shimada et al. 1994), it is a bit below the values ex-
pected for O stars (α ∼ 0.6), which might suggest that the
supergiant companions in Sgxb are anomalously inefficient
8 For solar metallicity levels, (Shimada et al. 1994) gives α ∈
[0.47; 0.52] for a stellar effective temperature between 20 and
30,000K.
at accelerating their winds given their spectral properties,
maybe because of an anomalously low metallicity9.
This Figure also enables us to pinpoint the degeneracies
between the parameters. Indeed, we notice that a luminous
star with a wind opaque enough10 to be efficiently acceler-
ated (i.e. Γ = 0.3 and α = 0.55) yields very similar X-ray
luminosities, whatever the mass ratio or the filling factor, as
a lower luminosity star with a less efficient radiatively driven
acceleration (i.e. Γ = 0.1 and α = 0.45).
A more spectacular property of the mass accretion rate
emphasized by this parametrization (with both shape and
scale parameters) is the independence, all other parameters
being equal, of the X-ray luminosity on the orbital period.
The key point is that, if the orbital period rises, βhl is not
altered since the accretion radius Racc rises in the same pro-
portions as the orbital separation a. Indeed, at a fixed fill-
ing factor, it induces a larger stellar radius and alters the
9 The observational bias introduced by our limited sensibility
does anyway artificially enhance the fraction of marginally low
metallicity observed donors for radiatively-driven winds.
10 With respect to the metal absorption lines.
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modified escape speed at the stellar surface in the same pro-
portions as the reference velocity used as a velocity scale,√
(GM2) /RR,1. Because the velocity of the wind simply
scales with the modified escape speed at the stellar surface,
the adimensioned velocity at a distance of an orbital sepa-
ration, v˜•, remains the same and so does the fraction of the
wind being accreted according to equation (18). On a more
straightforward hand, changing the orbital period does not
modify the stellar mass outflow11. In the end, we are left
with strictly the same X-ray luminosity. As a consequence,
we claim that any dependency of the observed X-ray lumi-
nosities on the orbital periods must be attributed either to a
departure from the present framework or to an underneath
correlation not taken into account, for instance between the
Eddington factor Γ and the stellar radius, expected to be
smaller for shorter period systems not undergoing rlof: for
stellar evolution reasons, the orbital separation is likely to
be negatively correlated to the filling factor. In no case the
orbital period could be considered as the main culprit for
the X-ray luminosity, merely as a correlated quantity whose
causal relation to the permanent X-ray luminosity must be
traced back.
4.4 Shearing of the accretion flow
The question of the angular momentum accretion rate
within the extended accretion sphere and of its dependen-
cies on the four shape and three scale parameters remains.
Do the configurations favourable to large X-ray luminosities
correspond to the ones likely to give birth to a disk around
the accretor?
To possibly form a disc-like structure around the accre-
tor, the flow needs to gain enough angular momentum as
it approaches the compact object. We compute an adimen-
sioned circularization radius given the amount of angular
momentum (and of mass) entering the extended accretion
sphere per second. The circularisation radius can be com-
pared to the accretion radius to shed light on the way a
disk-like structure could possibly form, provided it does. The
ratios Racc/RR,2 and Rcirc/RR,2 correlates positively to LX ,
but more interestingly, the ratio Rcirc/Racc also follows this
trend, indicating that the bending of the shocked structure
is stronger for low q, high f , low α and high Γ. In the up-
per panel of Figure 6 has been represented this ratio as a
function of q and f for α = 0.55 and Γ = 0.20. Yet, the
circularisation radius still remains two orders of magnitude
smaller than the accretion radius, characteristic of the size
of the shocked region ; for very inefficient wind acceleration
with α = 0.45, the circularisation radius is still smaller than
the accretion radius but by one order of magnitude only.
We can then conclude that, apart in case of significant gain
of angular momentum, a winding up of the whole shocked
tail is not to be expected. If a disk forms, it grows within
the shocked region (as witnessed in numerical simulations by
Blondin 2013) where substantial instabilities are believed to
11 At least for large mass ratios for which we supposed that the
mass of the neutron star was too low compared to the stellar mass
to alter the launching of the wind, essentially determined by the
conditions at the sonic (here, stellar) surface.
Figure 6. (upper panel) Colormap of the relative size of the
circularisation radius of the flow entering the extended accretion
sphere compared to the accretion radius for α = 0.55 and Γ = 0.2.
(lower panel) Colormap of the relative size of the circularisation
radius of the flow entering the extended accretion sphere com-
pared to the Schwarzschild radius of the accretor for α = 0.55,
Γ = 0.2, P = 9 days and M2 = 2M.
take place (Foglizzo and Tagger 2000). Whether those in-
stabilities drive variations of the front shock position large
enough to bring the Coriolis bending in action remains to
be investigated.
The previous comments would turn out to be of little
interest if the inflow crashes on the neutron star surface be-
fore it can reach its circularisation radius. Indeed, a major
difference with symbiotic binaries is that in Sgxb, the ac-
cretor is small enough to let plenty of room for the shock
to develop and possibly, within it, to a disk to form. Once a
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scale is set, the ratio Rcirc/RSchw can be represented, along
with Rcirc/Racc, for intermediate values of the α and Γ pa-
rameters (bottom panel in Figure 6). It shows that the circu-
larization radius lies approximately two orders of magnitude
below the accretion radius and two to three orders of mag-
nitude above the neutron star surface. For the values of α
and Γ considered above and the fiducial parameters q = 13
and f = 89%, the accretion radius is approximately one
hundredth of the orbital separation ; according to Figure 6,
the circularization radius is approximately 500 times smaller
than this accretion radius and 200 times larger than the
Schwarzschild radius of the neutron star (so approximately
100 times larger than the neutron star itself for a compact-
ness parameter of ∼ 25%). Consequently, we retrieve the ra-
tio 100×500×100=5·106 between the orbital separation and
the characteristic size of the neutron star in a representa-
tive Sgxb. This intermediate position of the circularisation
radius between the shock and the neutron star surface tends
to immunize a putative disk both against disruptive instabil-
ities at the shock level (Manousakis and Walter 2015) and
against premature truncation by the magnetosphere, pro-
vided the angular momentum does not significantly evolve
within the extended accretion sphere. More importantly, we
notice that for α at 0.55 or below and for moderately high
values of the filling factor, the likelihood to form a disk fol-
lows the same trend as the one drawn by the X-ray lumi-
nosity : the most luminous systems are also more likely to
feature a disk-like structure around the accretor.
5 WIND ACCRETION ON STAGE
We now go on by assessing the self-consistency of our toy-
model ; how far from the observations can be the plethora
of parameters we have access to from a reduced number of
key quantities?
5.1 A roadmap to self-consistent system
parameters
The theoretical four shape parameters our toy-model is
based on are theoretical tools which encapsulate all the scale-
free dynamics of the problem. However, they do not corre-
spond to the observables we have access to. In this section,
we aim at providing a minimal though comprehensive track
through the maze of physical quantities in Sgxb which fit
our model.
We first introduce the relations we will rely on to deduce
the broad set of parameters available in this toy-model. We
start with the following set of 7 parameters we call prior
parameters, selected for their accessibility to observations
and/or their requirement to deduce the other parameters :
(i) the orbital period P
(ii) the mass of the compact object M2
(iii) the stellar temperature T
(iv) the logarithm of the stellar surface gravity log(g)
(v) the α force multiplier
(vi) the Q force multiplier
(vii) either the terminal speed of the wind v∞ or the av-
erage X-ray luminosity of the system 〈LX〉
Let us illustrate the procedure we follow starting from the
above set of prior parameters.
Spectroscopic inquiries of the pressure-broadened
Balmer and He II lines coupled to stellar atmospheres codes
set constrains on the decimal logarithm of the effective sur-
face gravity and on the stellar temperature T (see e.g. Clark
et al. 2002) : to know the actual surface gravity, log(g), thus
requires to correct for radiative pressure (Sander et al. 2015).
One can however rely on the calibrated data for the same
spectral type of stars (see e.g. Searle et al. 2008; Puls et al.
2008). log(g) features few dependences (f and P , plus a weak
dependence on M2 and q) such as it narrows the range of
filling factors possible :
f ∼ 0.32q
1/2
E(q) · (1 + q)1/3︸ ︷︷ ︸
78% → 82%
(
M2
2M
) 1
6
(
9 d
P
) 2
3
10
3−log(g)
2 (21)
with g in cgs units and where the bracket evaluates the
factor it embraces as q goes from 7 to 18. The dependence
on the mass of the compact object is also weak, accounting
for a few percent only for a neutron star. Since the orbital
period is precisely known (when measured), we can affirm
that log(g) is a direct measure of the filling factor. Its precise
knowledge (i.e. with a precision of at most a few percents),
along with the orbital period, is a precious and sufficient
asset to enclose the value of the filling factor in a ∼10 to
20% precision range. In parallel, we deduce the Eddington
factor from the prior of T and log(g) :
Γ ∼ 0.23
(
T
25kK
)4
103−log(g) (22)
A first sanity check can be realized here checking whether
correcting the effective surface gravity with this value of Γ
does lead to a value of log (g) consistent with the one above,
from stellar spectral type considerations. The values we get
using the two equations above hold whatever the α and Q
force multipliers but will participate to set the mass-loss rate
and thus, the average X-ray luminosity.
Concerning the two force multipliers listed as prior pa-
rameters, they were calculated by Shimada et al. (1994) for
OB-supergiants. For Solar metallicity and effective tempera-
tures between 20 and 30kK, typical of the early-type B stars
we consider in the upcoming section, Q ∼ 900 and α ∼ 0.5,
with little departure from those values.
Here, a junction shows up : either we make use of a mea-
sured velocity of the wind at infinity12, which is not always
available nor precise, or we rely on the X-ray luminosity of
the system, which requires a precise estimation of the dis-
tance to the Sgxb13 and more dramatically, requires to as-
sume a straightforward relation between the mass accretion
rate and the X-ray luminosity (e.g. without reprocessing of
the X-rays). The first option leads, once the wind speed at
infinity corrected for the finite cone effect (7) is accounted
12 Which does not depend on the Q force multiplier.
13 Generally available thanks to the spectral energy distribution
fits accomplished by Coleiro and Chaty (2013) and Coleiro (2013).
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Figure 7. All the possible values spanned by the stellar radius R1 as a function of the only parameters which influence it. Indeed, the
stellar radius is computed from the filling factor f and the size of the stellar Roche lobe RR,1. Hence the adimensioned R1 depends on
the filling factor only but so as to compare it to solar radii, it requires the knowledge of the length scale RR,1, set by the orbital period
P (from left to right column), the mass of the compact object M2 (from upper to lower line), the mass ratio (on the right side, already
converted into stellar masses using M2) and the resort to Kepler’s third law.
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for, to the following relation :
q
E(q)(1 + q)1/3 ∼ 0.023
f
1− Γ
(
α
1− α
)2
×[
v∞
(GM2/P )1/3
]2 (23)
The mass ratio is then obtained after a numerical inversion
with a Newton-Raphson root finder for instance. This op-
eration however leads to a poor level of precision on the
value of q due to a low variation of the l.h.s. in the range
of mass ratios considered. It is thus preferable to make the
most of the whole coupling between phenomena our model
relies on (not only the coupling between the stellar, orbital
and wind properties) and to compare the result obtained
above to the one obtained using the X-ray luminosity. The
non-trivial coupling of the latter with the other parameters
makes a manual monitoring of the q values compatible with
the persistent X-ray luminosity observed compulsory but
feasible with the web interface aforementioned. The weak
dependence of LX on q blamed in 4.3 does not make this
operation very precise neither. The matching between the
two values of the mass ratio above is a good hint in favour
of a reliable value of the mass ratio, what we will show in
the next section with eclipsing Sgxb (where the mass ratio
is observationally constrained).
In any case, once the mass ratio is determined, we are
left with all the shape and scale parameters, opening the
doors to all the remaining variables and in particular the
stellar radius (see Figure 7), mass, luminosity and mass out-
flow, the wind mass density, the dimensions of the accretion
sphere around the neutron star and the circularisation ra-
dius compared to the size of the compact object, a clue which
indicates the likelihood of the formation of a disk. One can
finally summon additional independent measures (e.g. of the
stellar radius, of the spectroscopically derived stellar mass)
or theoretical expectations (e.g. the wind momentum - lumi-
nosity relationship) to discuss the reliability of the initially
considered mass of the compact object, the only truly arbi-
trary prior.
5.2 Classical persistent Sgxb
5.2.1 Selection procedure
We now discuss the case of three persistent Sgxb likely being
archetypes of this observational category : Vela X-1, XTE
J1855-026 and IGR J18027-2016 (a.k.a. SAX 1802.7-2017).
For short, we nickname the second one XTE and the third
one SAX. We ended up with these three classical Sgxb using
the following requirements, suitable to fit our toy-model,
applied to the sample of ∼20 available Sgxb:
(i) an orbital period has been measured.
(ii) the location of the system in the Corbet diagram (see
e.g. Walter et al. 2015, Figure 5) is consistent with Sgxb
(orbital period below 20 days and spin period of the pulsar
above 100 seconds).
(iii) to avoid any discrepancy on the force multipliers due
to metallicity-related issues, we focused on Sgxb within the
Milky Way (Mokiem et al. 2007).
(iv) to avoid the net shift in the fraction of the wind being
accreted induced by an eccentric orbit - see equation (6) in
Boffin and Jorissen (1988) - we selected systems where the
eccentricity is below 0.1 (which invalidates for example 4U
1907+097 according to Nespoli et al. 2008).
(v) we rejected potential intermediate sfxt such as the
eclipsing IGR J16418-4532 and IGR J16479-4514.
(vi) we rejected the systems where rlof was suspected
or confirmed (Cen X-3).
(vii) we did not retain the systems hosting a black hole
candidate (Cyg X-1 or even 4U 1700-377) due to the mass ra-
tios and the assumption of mildly perturbed spherical wind
we considered.
(viii) we selected systems where the star was not exces-
sively evolved (as in GX301-2).
(ix) we discarded systems featuring a peculiarly slow wind
(OAO 1657-415).
(x) the neutron star is eclipsed by its stellar companion so
as to be able to retrieve additional information from radial
velocity measurements.
Using eclipsing systems where the best-fits ephemerides of
the light curves set constrains on the mass ratio is a way to
compensate for the low precision of the mass ratio obtained
from the measures of the terminal wind speed and the av-
erage X-ray luminosity. Nevertheless, the former is flawed
by the unknown inclination of the system, an issue our ap-
proach is not influenced by : in the incoming Table 1, the
values between parenthesis are the ones if the system is seen
edge-on while the other ones are for the limit-case of rlof.
Interestingly enough, a look a posteriori to a Corbet
diagram indicates that those three systems lie in a close
region of the P -Pspin space ; it might support the idea that
the properties of the accreting neutron star (age, magnetic
field, etc) are similar and indirectly favor a wind dominated
mass transfer.
5.2.2 Observed parameters
We searched the literature to gather the parameters dis-
played in Table 1.
The spectral types of Vela X-1 and XTE have been
found in Coleiro and Chaty (2013) who also provide the cor-
responding effective temperature. For SAX, we used the con-
clusions of Torrejo´n et al. (2010). Following their approach,
we read the corresponding stellar parameters in Searle et al.
(2008), Table 5. However, the value obtained from this mod-
eling approach for the surface gravity of SAX leads with
equation (21) to a star which largely overflows its Roche
lobe, for masses of the compact object larger than even
0.5M. We thus discard it and pinpoint an important dis-
crepancy between the surface gravity deduced from the stel-
lar spectral type and the one compatible with the accreting
regime of the system. Concerning the observed parameters,
we deduced the actual surface gravity from the measured
radius and mass.
For the observed stellar parameters and mass of the
compact object in Vela X-1, we relied on the radial ve-
locity measurements made by Quaintrell et al. (2003). The
values measured by Falanga et al. (2015) essentially agree,
and so do the previous values given by van Kerkwijk et al.
(1995). For the terminal speed of the wind, we report both
the low value obtained by Gimenez-Garcia et al. (2016) and
van Loon et al. (2001) and the higher terminal speed de-
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Table 1. Parameters of the 4 Sgxb considered in decreasing order of orbital period. The
second set of stellar parameters are deduced from methods not directly based on the stellar
spectral type (radial velocity measures, eclipses...). The pairs of numbers for the wind pa-
rameters are not the extremal values found in the literature but correspond to the slow and
fast regimes we will consider to check self-consistency. The parameters in bold are among
the lever quantities we use to deduce the other ones. The X-ray luminosities reported are
for an energy range between 3 and 100 keV.
Vela X-1 XTE J1855-026 IGR J18027-2016
Stellar parameters...
SpT B0.5Iae B0Iaep B1Ib
T/103K 25 28 22
... from SpT
log(g) 2.9 3.0 2.7
R/R 34 27 35
log(L/L) 5.6 5.6 5.4
M1,evol/M 33 25 22
... from observations
log(g) 2.9 3.1 3.1(3.2)
R/R 32(27) 22 20(17)
log(L/L) 5.6(5.4) 5.4 4.9(4.8)
M1/M 28(23) 21 19(18)
Orbital parameters
P/day 8.96 6.07 4.47
q = M1/M2 11-13 12-16 12-16
M2 1.9(2.3) 1.4 1.3(1.5)
Wind parameters
v∞/ km· s−1 700 | 1,700 1,600 1,100
M˙/10−6M· yr−1 0.6 | 2 1.9 1
X-ray luminosity
D/kpc 1.9-2.2 9.8-11.8 12.4
F14→195/10−11 erg· s−1· cm−2 390 20 7
F17→60/10−11 erg· s−1· cm−2 215 10.3 4.2
〈LX〉/1036 erg· s−1 2.5-3.7 3.4-5.1 1.9-2.3
Spin/seconds 238 361 140
1 : Falanga et al. (2015), 2 : Coley et al. (2015), 3 : Clark et al. (2014), 4 : Quaintrell et al.
(2003), 5 : Coleiro and Chaty (2013), 6 : Liu et al. (2006), 7 : Ducci et al. (2009), 9 : Prat
et al. (2008), 10 : Hannikainen et al. (2007), 11 : Walter et al. (2015), 12 : Lutovinov et al.
(2013), 13 : Prinja and Massa (2010), 14 : Searle et al. (2008), 15 : Mason et al. (2011)
duced by Watanabe et al. (2006). Yet, we notice that van
Loon et al. (2001) and Gimenez-Garcia et al. (2016) consider
stellar masses and/or radii marginally compatible with the
ones derived by van Kerkwijk et al. (1995), Quaintrell et al.
(2003) and Falanga et al. (2015). The mass-loss rates are
from Gimenez-Garcia et al. (2016) (lower value) and Watan-
abe et al. (2006) (upper value). The low value of the mass-
loss rate and the high value of the terminal speed are con-
sistent with the theoretical predictions for isolated stars of
similar spectral type Searle et al. (2008).
For the observed stellar parameters and mass of the
compact object in XTE, we used the values derived by
Falanga et al. (2015), more precise than the ones derived
by Coley et al. (2015). They based their approach on Monte
Carlo best-fit ephemerides of the light curves. However, they
tend to determine low inclinations which turn out to be, for
XTE and SAX for instance, below the critical ones to avoid
rlof derived by Coley et al. (2015). Observational biases
apart, the filling factor does not physically have to be near
unity as previously defended in section 4.1. For the parame-
ters of the wind, since they have not been directly measured,
to the best of our knowledge, we used the values listed by
Searle et al. (2008) for isolated stars of similar spectral type.
For the observed stellar parameters and mass of the
compact object in SAX, we used the values derived by Coley
et al. (2015) using radial velocities. As for Quaintrell et al.
(2003), the values between parenthesis are the ones if the
system is seen edge-on while the other one is the limit-case
of rlof. The stellar parameters are consistent with those
determined by Mason et al. (2011). Falanga et al. (2015)
obtained slightly larger masses for the star and the compact
object. For the parameters of the wind, we used the values
listed by Searle et al. (2008) for isolated stars of similar
spectral type.
We proceeded in the following way to determine esti-
mations of the average X-ray luminosity. We started from
the fluxes : we considered both the ones between 14 and
195keV, F14→195 observed by the BAT instrument on Swift
(http://swift.gsfc.nasa.gov/results/bs70mon/), and the ones
given by Walter et al. (2015) in the hard X-rays, between
17 and 60keV, F17→60. We used the estimations of the dis-
tances from Walter et al. (2015), Coleiro and Chaty (2013)
and Kaper (1998) for Vela, from Coleiro and Chaty (2013)
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Table 2. Preliminary ranges of filling factors and Eddington
parameters (in %) possible for each of the three systems con-
sidered, using the equations (21) and (22). The subscript of
each of the filling factor refers to the mass of the accretor, in
M. It does not affect the value of the Eddington parameter
Γ. The uncertainties represent on one hand the uncertainty on
log (g), set to 0.05 around the centered value given in Table 1,
and on the other hand the variation of the mass ratio from 7 to
18. The lower (resp. upper) edge of each range corresponds to
q = 7 (resp. q = 18) and a maximum (resp. minimum) value of
log (g). Each time the filling factor obtained was above 100%,
we set a dash to warn the reader that a rlof star is unlikely.
Vela X-1 XTE J1855-026 IGR J18027-2016
f1 74 → 88 80 → 96 88 → –
f1.5 79 → 94 86 → – 94 → –
f2 83 → 98 90 → – 99 → –
Γ 22 → 38 25 → 40 7 → 13
for XTE and from Walter et al. (2015) for SAX. We ne-
glected the absorption of those sources in these wavebands.
To extrapolate to broadband X-ray fluxes, we notice that
Filippova et al. (2005) claims a broadband (3 to 100keV) X-
ray flux for XTE approximately 3 times larger than F17→60
and 1.5 times larger than F14→195 ; assuming similar photon
energy distribution for the three sources within this energy
band, we then deduce the corresponding X-ray luminosi-
ties. Those X-ray luminosities are merely estimations which
must not be used but as guidelines. The uncertainty we get
for XTE and SAX is obtained by using both aforementioned
waveband for the flux and by varying the distance to Vela
X-1 from 1.8 to 2.2kpc. Notice that for Vela X-1, a shorter
distance has also been derived by Chevalier and Ilovaisky
(1998). Also, the values we get for its average X-ray flux
between 3 and 100keV are slightly below the usual X-ray
luminosity found in the literature, 4·1036 erg· s−1, possibly
because of the higher absorption at the lower limit of the
energy range we consider, not corrected here ; those lumi-
nosities are thus lower limits. We expect the use of those
X-ray luminosities combined with the measures of the ter-
minal speed to yield mass ratios compatible with the ones
measured by light curves fitting given in Table 1.
5.2.3 Self-consistent sets of parameters
We start to explore the possible set of self-consistent pa-
rameters for Vela X-1 from Table 2. Given the high value of
Γ, we start by setting it to 30%. The lower value of the
speed at infinity, 700km·s−1, requires at most α = 0.45
and M2 = 1M. The associated X-ray luminosity would
be larger than 1037erg·s−1, way above the permanent level
observed for Vela X-1. The stellar mean density would also
be suspiciously low with a 10M star having a 17R radius.
Given the observational constrains, we discard this possibil-
ity and support the upper measured value of the wind speed
at infinity of 1,700km·s−1. With α = 0.5 (and Q = 900), typ-
ical of early type B stars with effective temperatures between
20 and 30,000K, we get a more realistic overview. However,
even for an accretor mass as high as 2M though (where
the filling factor has to be larger than 83%), we hardly reach
v∞ =1,300km·s−1, and for very high stellar masses (above
35M), hardly compatible with the spectral type. The as-
sociated X-ray luminosities would also be excessively large
by a factor of 2. Rising α to 0.55 makes the X-ray luminos-
ity drop to a value several times too low and an Eddington
factor larger than 30% is unlikely given the stellar spectral
type. On the contrary, keeping α = 0.50 but lowering Γ to
20%, the low end of the range we deduced in Table 2 from the
effective temperature and the surface gravity, brings us to
v∞ ∼1,600km·s−1 for q > 11 (and still f > 83%). To over-
lap this area with the available X-ray luminosity and the
estimated stellar mass outflow, we must privilege a large
value of the filling factor (∼ 95%) and a moderately low
value of the mass ratio (q & 12). Coupled to the observa-
tional results derived from the eclipses (i.e. q between 11
and 13), it means that Vela X-1 is almost seen edge-on and
that the lowest values of stellar masses and radii must be
privileged. With a circularization radius one hundred times
smaller than the accretion radius, the flow can cicrularize
once it reaches a radius of approximately one thousand times
the Schwarzschild radius of the accretor. Depending on the
extension of the magnetosphere, it might be enough to see a
disk-like structure maintained in a short range of radii. The
orbital structure of the flow is mostly wind-dominated.
The situation is very similar for XTE which displays a
fast wind : a higher velocity means a larger stellar mass14 at
a similar filling factor and mass ratio, which implies a drop in
the X-ray luminosity both because the wind is faster and be-
cause the mass ratio is larger. The larger mass outflow is not
enough to compensate for the smaller solid angle delimited
by the extended accretion sphere. We must thus either con-
sider heavy accretors and set M2 to 2M with the canonical
α at 0.5 or intermediate mass accretors with M2 = 1.5M
but a larger efficiency of the wind launching with α = 0.55.
Notice that the value of Q does not play any role in the value
of v∞ and that Γ is somewhat larger than the one derived
for Vela X-1 (see Table 2) and can less easily be considered
as low as 20%. If the accretor is heavy, the condition on v∞
enforces a filling factor in a narrow range between 85 and
90% and a mass ratio above 15 ; if M2 = 1.5M, we are left
with all the upper right quarter of the (f, q) space. In the
latter case, the X-ray luminosity is hardly compatible with
the observed one, merely reaching 1.5·1036erg·s−1 for q = 13
and f = 99%, a factor of 2 to 3 below the estimated value.
However, for a heavier accretor, the X-ray luminosity found
in the region compatible with the measured values of v∞ lies
between 4 and 6·1036erg·s−1, in agreement with the observa-
tions. We thus support larger stellar masses and radii than
the ones displayed in Table 1 on the basis of this analysis,
with a stellar mass loss rate above 4·10−6M ·yr−1. The
circularization radius is one hundredth of the accretion ra-
dius and one thousand times larger than the Schwarzschild
radius of the accretor ; in spite of the large velocity of the
flow, it sounds like this configuration still leave room to the
possibility to form a disk, alike Vela X-1 which however has
a very similar mass ratio and filling factor.
For SAX, Table 2 indicates that we deal with a very
compact system where the lower radius of the less evolved
star is not enough to compensate for the lower orbital sep-
14 Remember that the terminal speed scales with the escape
speed.
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Table 3. Sets of self-consistent fundamental parameters associated
to each system. No uncertainty is specified because the systematics
dominate and are discussed in the text in more details. Those values
serve to compare the three systems to each other, not to specify
precisely the parameters of each system. They indicate a trend, not
a state.
Vela X-1 XTE J1855-026 IGR J18027-2016
q 12 14 11
f 95% 89% 98%
α 0.50 0.50 0.45
Γ &20% 30% 10%
P (days) 8.96 6.07 4.47
M2 (M) 2 .2 1.5
Q 900 900 1,100
aration : whatever the mass of the compact object, we deal
with a stellar companion presenting a filling factor above
90%. Given the narrow range of Γ values centered on 10%,
we enforce it to 10%. Since we do not expect the star, way
more massive than the accretor, to be able to fill its Roche
lobe and transfer matter in a stable way, we discard the
heaviest accretor at 2M and focus on the intermediate and
lightest cases. Relying on the measured value of the velocity
at infinity at a 10% precision level, we find that compatible
values of mass ratios lie :
(i) below q = 11, in the lower right corner of (f, q) space
we consider.
(ii) anywhere between q = 7 and q = 18 for M2 = 1M.
Concerning the X-ray luminosity and the stellar mass out-
flows, the values are systematically lower than the values
listed in Table 1, mostly due to the lower value of the Ed-
dington parameter of this later spectral type star. Solving
this discrepancy requires an anomalously large Q force mul-
tiplier, with a larger anomaly for a lower mass accretor. Since
the star is less evolved, it is possible that the stellar photo-
sphere is denser which could rise the value of Q by ∼20%
(see Table 1 of Gayley 1995), enough to solve the discrep-
ancy for an accretor of 1.5M, not for 1M. We thus privi-
lege the former option over the latter. For M2 = 1.5M and
Q = 1, 100, the configuration with an X-ray luminosity com-
patible with the observations are confined below q = 12 and
above f = 95%, in agreement with the previous argument
and in particular with the measure of the wind speed at in-
finity. The confrontation with the observational constrains
inferred using the eclipses shows a marginal overlap with
our holistic derivation. If the system is seen close to edge-
on, the two approaches match and yield a system with the
set of self-consistent fundamental parameters listed in Ta-
ble 3 from which all the stellar, orbital, wind and accretion
parameters can be derived. In the most likely configuration
whose parameters are listed above, the shearing properties
are in favor of the formation of a wind-capture disk : the cir-
cularization radius is 6 to 10 thousands times larger than the
Schwarzschild radius of the compact object and only 10 to
20 times smaller than the accretion radius. It is then likely
that a disk forms within the shocked region. The orbital
structure of the flow is stream-dominated.
6 DISCUSSION AND SUMMARY
We used a synthetic model to encapsulate the Physics at
stake in Sgxb and couple the different mechanisms. We
showed that the scale-invariant properties can be fully de-
rived from four dimensionless numbers :
(i) the mass ratio between the supergiant OB star and
the neutron star,
(ii) the stellar filling factor,
(iii) the α force multiplier associated to the launching of
the wind,
(iv) the ratio of the stellar luminosity to its Eddington
luminosity.
In particular, the transition from a stream-dominated flow,
reminiscent from rlof, to a wind-dominated flow is han-
dled continuously and characterized with a threshold on the
ratio of the speed of the wind at the orbital separation to
the orbital speed. The accurate wind acceleration mecha-
nism we rely on provides a realistic estimation of the ki-
netic energy the flow acquired when it reaches the vicinity
of the accretor. The subsequent accretion amplitudes dis-
play a significant enhancement which is enough, in some
cases we explicit, to reproduce the observed persistent X-
ray luminosities in Sgxb in general and in the three systems
we considered in particular. If the shearing of the flow is
not large enough to produce a disk before the bow shock
ahead the ns (El Mellah and Casse 2015), it leaves the door
opened to a wind-capture disk within the shocked region,
provided the mass ratio is low enough, the wind acceleration
inefficient enough (i.e. α low) and the filling factor and the
Eddington parameter are large enough. In this case, which
also favours large X-ray luminosities, the circularization ra-
dius is large enough to immune the flow against a prema-
ture truncation by the ns magnetosphere. Finally, the sets
of parameters we derive self-consistently for three classical
Sgxb fit the observed values and, by then, bring additional
constrains on the inclination angle, which highlights the ro-
bustness of our synthetic model. New astrometric promising
instruments are expected to bring much tighter constrains
on the orbital parameters of Sgxb and the maximum mass
of neutron stars Unwin et al. (2008); Tomsick et al. (2009);
Tomsick and Muterspaugh (2010), a long-standing quest to
understand the equation-of-state of the degenerated matter
they are made of.
A by-product that our analysis brought in the spotlight
is the suitability of Sgxb with a B1-0 type supergiant stellar
companion to host a ns surrounded by a disk-like structure.
Indeed, on one hand the mass ratio is low enough to guar-
antee that a large fraction of the stellar wind is captured
and on the other hand, the stellar mass is high enough to
reach an effective temperature above the bi-stability jump
(Vink et al. 1999) and trigger a significant mass outflow
(> 10−6M ·yr−1). Since the X-ray luminosity correlates
positively with the likelihood to form a disk, it means that
as long as the accretor is a ns, early B donor stars are more
likely to see a fraction of their wind forming a wind-capture
disk around their compact companion. Even more impor-
tantly, the faster and higher mass outflow winds of hotter O
supergiant stars (where α > 0.6) would lead to much lower
X-ray luminosities and flow shearing.
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Another important feature in our model to reproduce
the observed persistent X-ray luminosities is the relatively
low values of the α force multiplier required : α between
0.45 and 0.5, while the spectral type of the companion star
would suggest α between 0.5 and 0.6. Given the sensibility
of the accretion and wind properties to the value of α, it
is a significant discrepancy. It might be pointing towards an
anomalously low metallicity compared to other stars of simi-
lar age and spectral type. An alternative to relax this tension
without summoning under-metallic composition could be to
include additional ingredients in our model susceptible to
lower either the wind speed at the orbital separation or to
rise the wind density.
It is suspected that in several Sgxb (and sfxt), wind
speeds are sometimes much lower than the terminal speeds
given by equation (7) in the direction of the accretor (Ducci
et al. 2010; Romano et al. 2015). A physical process which
could bypass the cak wind acceleration has been proposed
by Hatchett and McCray (1977), Ho and Arons (1987) and
Stevens (1991). As matter is accreted onto the compact ob-
ject, the emitted X-rays strip off, upstream in the flow, metal
ions of their remaining bounded electrons. As they do so,
the wind finds itself no longer able to gain momentum since
the fully ionized metal ions can no longer absorb the high
energy photons coming from the star. This effect is not cov-
ered by our model, mostly because of the underlying positive
feedback loop which tends to make systems where this ef-
fect prevails switch from a state to another (Karino 2014) :
as the mass accretion rate rises, the ionization radius rises,
slowing down the wind and making the mass accretion rate
even higher, until the ionization front goes so far upstream
that it inhibates the launching of the wind itself. Since we
focus only on persistent Sgxb and want to characterize the
permanent structure and trends of the flow, we have dis-
carded this effect in the present paper. If we had included
it, it would have lowered the wind acceleration efficiency
and might have reproduced our results without the need
for an excessively low α force multiplier. Its value near the
stellar surface would have possibly been in agreement with
the models for isolated stars but as the effective opacity of
the wind in the resonant metal lines drops because of the
photoionizing emission from the flow in the vicinity of the
compact object, the value of α would also have dropped.
For the same reason and because we wanted to stick
to a ballistic approach to explore the parameters space, we
did not consider the inhomogeneities and internal shocks
in our model. However, radiatively-driven winds are noto-
riously unstable and form clumps with overdensities of a
factor of 100 or so (Ducci et al. 2009), in particular within a
couple of stellar radii from the star (Negueruela et al. 2008),
a region where the accretor lies in those close-in hmxb. Ac-
counting for clumpiness might not just be a question of time-
variability and spatial distribution of the wind but might
also induce a proper shift of the mean wind density and, by
then, of the X-ray luminosity. This point could also help to
retrieve the observed persistent X-ray luminosities without
having to assume α < 0.5.
Finally, the prescription we inherited from El Mellah
and Casse (2015) to extrapolate the fraction of the wind
being effectively accreted from the orbital structure of the
flow might be an underestimation. A full three dimensional
hydrodynamical treatment of the flow within the extended
accretion sphere is required to address this question and can
now be carried on in a consistent way since the fundamental
parameters have been explicited, the associated extension
of the vicinity of the compact object have been computed
along with the inflow properties (which will serve as outer
boundary conditions in mesh-based simulations) and the
stream-dominated configurations, susceptible to give birth
to a wind-capture disk, have been determined.
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